Little is known of the protein expression in Mycobacterium avium subspecies paratuberculosis 3 (MAP) and how this contributes to pathogenesis. In the present study, proteins from both membranes 4 and cytosol were prepared from two strains of MAP; a laboratory-adapted strain K-10 and a recent 5 isolate, strain 187, obtained from a cow exhibiting clinical signs of Johnes disease. SDS-PAGE of 6 cytosol and membrane proteins from K-10 and 187 showed marked differences in protein expression. 7
1

Introduction 1
Paratuberculosis (Johne's disease) is a significant economic problem in cattle and sheep 2 worldwide (33) . The causative agent of this chronic enteric disease is Mycobacterium avium subsp. 3 paratuberculosis (MAP). MAP is a gram positive intracellular pathogen that can persist and replicate 4 within macrophages of the infected host (41). It is thought that neonatal cattle become infected by 5 ingesting MAP shed in the feces of cattle that are in the clinical phase of the disease. Infections can 6 persist for several years in a subclinical phase that is difficult to identify due to the absence of clinical 7 signs. Once the disease enters the clinical phase, a thickening of the intestinal wall leads to weight loss, 8 decreased milk production, diarrhea, shedding of MAP in the feces, and eventual death (11, 16, 33) . 9
Diagnosis of Johne's disease is often complicated due to the slow progression of the disease and the 10 prevalence of genetically similar mycobacterial species in the environment. 11
The recent sequencing and annotation of the K-10 strain of MAP has led to significant progress 12 in the analysis of the genetic regulation of MAP (22) . Microarray analysis has provided extensive data 13 on gene expression in several species of mycobacteria including MAP. Although single proteins have 14 been identified as potential diagnostic tools for MAP, comprehensive surveys of the MAP proteome 15 have been lacking until now. Recent studies have reported success in the use of methods such as 2-16 dimensional electrophoresis and surface enhanced laser desorption/ionization time of flight mass 17 spectrometry to profile protein expression in MAP (10, 15) . Direct comparison of gene expression 18 between strains or within a single strain grown in differing conditions has proven useful in identifying 19 mycobacterial growth and pathogenicity characteristics (14, 17) . Analysis of the MAP proteome offers 20 another level of regulation for study. 21
In post-genomic studies, high throughput HPLC coupled with MS has been used to identify 22 greater than 25% of the predicted M. tuberculosis coding sequences (25) . The identification of large 23 sets of proteins like this is possible with extensive fractionation of the protein sample. Large-scale 24 proteome analysis from multiple samples has thus far been limited by an inability to quantify MS 25 results. Use of recently developed amine-labeled isobaric tags now allows for the analysis of relative 26 protein expression levels between samples (1). Using this method, we analyzed the levels of protein 1
High performance chromatography and tandem mass spectroscopy of the samples. 1 Each SCX fraction was analyzed by capillary high pressure liquid chromatography (CapLC, 2 Waters, Milford MA) in line with a Q-TOF Ultima API mass spectrometer (Waters, Milford MA) (24). 3
An Altantis C 18 NanoEase column (75µm x 100 mm) was used for peptide separation. The system was 4 configured to concentrate and wash the injected sample on a Symmetry 300 C 18 precolumn. Seven 5 minutes after the start of sample loading the precolumn was switched in line with the analytical column 6 to allow the trapped peptides to be eluted onto the analytical column. Mobil phase A was 0.1% formic 7 acid in 5% ACN. Mobil phase B was 0.1% formic acid in 95% ACN. The gradient was 95% A for 5 8 minutes and then ramped linearly to 60% A over 85 minutes. Over the next 2.5 minutes it was ramped 9 to 10% A and held an additional 10 minutes before re-equilibration of the column. The flow rate was 10 approximately 300 nl/min. The analytical column was connected to Waters Lockspray-nanospray 11 interface on the front of the mass spectrometer. The lockspray used the peptides [Glu 1 ]-12 Fibrinopeptide B and Leucine Enkephalin as standards (Sigma, St. Louis MO). The capillary voltage 13 was 3500 V and was tuned for signal intensity. The 5 most intense ions with charge states between 2 14 and 4 were selected in each survey scan if they met the switching criteria. Three collision energies 15 were used to fragment each peptide ion based on its mass to charge (m/z) values. Each fraction was run 16 4 times, once collecting MSMS data on the full range of parent masses followed by runs collecting 17 MSMS data on parent masses in three mass ranges (400 to 635, 635 to 750 and 750 to 1500) (32). 18
Bacterial processing. 19
All MS data files were processed into pkl files using Protein Lynx Global Server 2.0 (PLGS 2.0; 20 Waters, Milford MA) and analyzed with Mascot (Matrix Science, London UK) using the NCBI's non-21 reduntant database with bacteria taxonomy. Peptide expression was determined by using the peak area 22 of each of the iTRAQ labels, after the peaks were summed, smoothed and centered. Data were 23 organized to remove duplication of query assignments and duplicate proteins. All proteins without at 24 least two MSMS spectra and a probability of greater than 95% were removed. Only MSMS spectra 25 with abundance information for both iTRAQ labels were retained (23) . Determination of changes in 26 label)) (28). The range of this calculation is between 0 and 1 with a result of 0.5 meaning no change in 1 protein expression. The average iTRAQ calculation for all MSMS spectra in the membrane fraction 2 was 0.569 with a standard deviation of 0.086. For the cytosol fraction the average was 0.428 with a 3 standard deviation of 0.057. A change of less than 2 standard deviations was deemed no change in 4 protein expression. 5 10. Strain 187 grew at a slower rate than strain K-10 (Fig. 2) . Protein samples from MAP strains 187 6 and K-10 showed different protein banding patterns on silver-stained SDS PAGE gels (Fig. 3A) . The 7 regions with brackets show differences in banding patterns between the strains for both the cytosol and 8 membrane enriched fractions. Together these data illustrate both phenotypic and proteomic profile 9 differences between the two strains. 10 iTRAQ analysis identifies differentially expressed proteins. 11
A C C E P T E D
Protein expression data were obtained for 550 proteins from the membrane fractions, of which 12 385 proteins were present only in the membranes and not the cytosol of the MAP strains (see 13 supplemental membrane protein data). Of the 550 proteins identified in the MAP membranes, 266 of 14 the proteins identified were hypothetical proteins in the SwissProt database. Within the membrane 15 fractions of each strain, 37 proteins were expressed at higher abundance in strain K-10 than strain 187 16 (Table 1 ). In contrast 35 MAP membrane proteins were expressed at higher abundance in strain 187 17 than strain K-10 (Table 3 ). The incomplete and/or electronic only annotation of the MAP genome 18 limits the conclusions that can be made about differentially regulated proteins observed in this study. It 19 is of interest that membrane-associated proteins in clinical isolate 187 are generally upregulated to a 20 greater extent (2.9-6.9-fold) over the laboratory-adapted strain K-10 (Table 3 ). In contrast, 21 upregulation of membrane-associated proteins in strain K-10 over those seen in strain 187 was more 22 moderate (1.5-3.5-fold; Table 1 ). The highest fold increase in protein expression was demonstrated for 23
AtpC, a component of the ATP synthase complex, at 6.91-fold higher expression noted for strain 187 24 compared to strain K-10. The MVIN-like protein (MAP4336), a putative virulence factor in other 25 organisms, was expressed 4.75-fold greater in strain 187 then strain K-10. Stress-associated proteins 26 K-10. The slower growing clinical isolate 187 expressed 3.4-fold more of the cell division protein 1 MAP1894c (FtsZ) in the membrane fractions than was observed in the laboratory-adapted K-10 ( Table  2 3). Finally, a number of fatty acid metabolism proteins, FadE_2, InhA, FadE23, FadA1, FadE5, and 3 FadB1, (2.9-4-fold), as well as the RNA polymerase proteins, RpoA and RpoB, (3.6-3.9-fold; Table 3)  4 were also upregulated in the recent clinical isolate (strain 187). 5
From MAP cytosolic fractions, protein expression data were obtained for 489 proteins, of which 6 324 proteins were identified only in the cytosolic fraction (see supplemental cytosol protein data). Out 7 of 489 proteins identified in MAP cytosol, 185 of the proteins identified were hypothetical proteins in 8 the SwissProt database. Within the cytosolic fractions of each strain, 22 proteins were expressed at 9 higher abundance in strain K-10 than in strain 187 (Table 2 ). In contrast, 18 cytosolic proteins were 10 expressed at higher abundance in strain 187 than strain K-10 (Table 4 ). The highest fold increase in 11 expression was demonstrated for Ffh, a signal recognition particle that participates in the secretory 12 pathway for bacteria. Other major cytosolic proteins that were upregulated were GlnD, Icd2, and AtpC, 13 all of which are involved in energy and nitrogen metabolism. 14 A total of 874 unique proteins were identified from MAP in this study and 165 of these proteins 15 were found in both the MAP membrane and cytosol preparations (see supplemental data). Much of the 16 protein function data available for MAP is inferred from electronic annotation and, therefore, must be 17 used with that caveat in mind. Of the 58 proteins expressed at higher relative abundance in strain K-10 18 membrane and cytosolic fractions as compared to strain 187, 34 (57%) were hypothetical proteins (Fig.  19 4A). Of the 53 proteins expressed at higher relative abundance in the membrane and cytosol of strain 20 187 as compared to strain K-10, 18 (34%) were hypothetical proteins (Fig. 4B ). For the total MAP 21 proteome, 763 proteins showed no expression changes and 374 (42%) were hypothetical proteins ( (22). In each proteome grouping, hypothetical proteins were the largest 24 category followed by metabolism, and ribosome-protein synthesis (Fig. 4ABC) . Clearly, as functions 25 are attributed to the many hypothetical proteins identified, more important details will emerge from 26
Immunoblot analysis confirms iTRAQ results. 1
Monoclonal antibodies to MAP1643, 2121c and 3840 were used to confirm MAP iTRAQ 2 expression data. None of these MAP proteins showed any change in expression in comparisons of 3 MAP strains 187 and K-10 by either the iTRAQ method or immunoblotting ( Fig. 3B and supplemental 4 data). MAP1643 was only found in MAP cytosol regardless of method used. MAP3840 was identified 5 in both MAP membrane and cytosolic fractions by mass spectroscopy but immunoblot data showed it 6 to be present predominately within MAP cytosol preparations. In contrast, MAP2121c was identified 7 only within the MAP membranes by mass spectroscopy but faint banding was observed in cytosolic 8 fractions by immunoblot (Fig 3B and supplemental data) . The correlation of immunoblot analysis and 9 iTRAQ data with regards to both protein expression and subcellular localization supports the iTRAQ 10 experimental results. 11 The aims of this study were to obtain a proteomic profile of MAP and to obtain information on 2 the effects of in vitro growth on the relative protein expression data for two MAP strains. With just 3 over 20% of potential MAP proteins identified using this shotgun MSMS approach, we demonstrated 4 that with the proper pre-fractionation, data sets large enough to look at global protein expression are 5 obtainable for MAP. Moreover, this study is the most comprehensive proteomic survey of MAP 6 performed to date. Of the 874 proteins found in both strains, 763 (87%) proteins showed no significant 7 change in their relative expression indicating that both MAP strains expressed the majority of proteins 8 at similar levels. As a screening protocol, the iTRAQ method proved capable of identifying 111 9 proteins with significantly different relative protein expression levels between the strains. The 10 differences in protein expression ranged from no change to a 6-fold increase in the expression of AtpC 11 in strain 187 as compared to strain K-10 membranes. 12
A C C E P T E D
Since the membrane proteins are the first proteins presented to the host in an infection, it was of 13 particular interest to us that MAP4336 was upregulated 4.7-fold in the membrane fraction of clinical 14 isolate 187 over that seen in the laboratory-adapted strain K-10. Since strain 187 was a recent isolate of 15 MAP, it was anticipated that potential virulence proteins would be more highly expressed in strain 187 16 membranes. MAP4336 is an integral membrane protein from the MVIN family of proteins which, 17 though biochemically uncharacterized, have been found to be virulence factors in other bacteria an, 18 therefore, are important in bacterial pathogenesis (8, 29) . 19
The higher expression of both GroEL1 and ClpP for clinical isolate 187 as compared to strain 20 K-10 may reflect the stress associated with the adaptation of strain 187 to laboratory culture medium. 21
The function of GroEL1 is to promote the refolding and proper assembly of unfolded polypeptides 22 generated under stress conditions (6). In association with this, the function of ClpP is in the 23 degradation of misfolded proteins (21). Both of these proteins are upregulated in strain 187 to the same 24 degree and their complimentary functions to prevent accumulation of incorrectly folded proteins makes 25 sense physiologically as this would likely occur during the transitional stress from the host environment 26
The slower growth of strain 187 in laboratory medium was not surprising since it was a recent 1 isolate. But the high expression of a protein essential to cell division (FtsZ) is puzzling. Perhaps the 2 higher expression of FtsZ in strain 187 can be explained by a slower completion of the cell division 3 process due to the stress of movement to a laboratory environment. While in the preceeding discussion 4 the high expression of GroEL1 was attributed to stress, recent work has shown that GroEL1 associates 5
with FtsZ in the cell division process (26). Therefore, this could explain part of the upregulation of 6
GroEL1 seen in strain 187 as compared to strain K-10. for optimal growth. It has been shown that MAP cultured in media lacking fatty acids show distinct 21 morphologic changes, reduced resistance to acid conditions, and altered protein expression (35). These 22 data are also indicative that these proteins are important for the survival of MAP within the host, 23 enabling optimal assimilation of fatty acids for generation of the cell wall and cellular membrane. 24
Consequently, the proteins involved may be missed or underrepresented during screening of in vitro 25 adapted MAP to obtain potential targets for identification of MAP infected animals. 26
The RNA polymerase proteins RpoA and RpoB were both expressed at higher levels in strain 1 K-10 as compared to strain 187. RpoB, in particular, has been intensely scrutinized in M. tuberculosis 2 as mutations in RpoB confer resistance to the antibiotic rifampin (13, 36). With a relative expression of 3 RpoB greater than 6-fold higher in strain 187 than in the laboratory adapted strain, RpoB may prove an 4 interesting candidate for study in MAP. Whether this represents an adaptation towards optimized 5 growth in the laboratory strain remains to be investigated. GlnB, GlnD and the nifs-like protein are all 6 involved in nitrogen metabolism and were found at higher relative abundance in strain K-10 as 7 compared to strain 187, perhaps a reflection of a readily assessable nitrogen source for growth (18) 8 (34). However, this indicates once again that strain specific protein expression differences may also 9 lead to an overemphasis on proteins that could be laboratory growth artifacts. 10
Although a necessary cofactor, excess iron can lead to oxidative stress in bacteria (9). It is 11 thought that in response to excess iron, bacteria may induce synthesis of proteins involved in iron 12 binding in order to reduce iron-mediated oxidative damage (31). M. tuberculosis has over 40 enzymes 13 where iron is a necessary cofactor (40). Although several iron-binding proteins were identified in the 14 current survey, only FecB was expressed at a higher level in the strain K-10 membrane fraction. Alkyl 15 hydroperoxide reductase C (AhpC) reduces organic hyporoxides and was present at 3-fold higher levels 16 in the K-10 membrane fraction. Together, these two proteins may represent part of the adaptation 17 response of MAP strain K-10 to oxidative stress (12). Additionally, AhpC has proven useful as a 18 immunological identifier to distinguish M. avium from MAP, as antibodies against AhpC were found in 19 the sera of MAP infected goats (27). However, if field strains of MAP show lower expression of the 20 protein in cattle, this may limit the usefulness of AhpC to screen for infection. 21
The results from this study demonstrate the potential for analyzing relative protein levels from 22 large data sets. In addition to being the most comprehensive proteome to date for MAP, 451 23 hypothetical proteins inferred from the nucleotide sequence have been identified. Proteins expressed at 24 relatively higher levels in the low passage strain may prove useful in the development of diagnostic 25 techniques while proteins expressed at relative higher levels in the high passage strain need to be 26 low passage number MAP strains, we have identified differences in relative protein levels that both 1 confirm expectations and challenge previous findings. It is clear that laboratory adaptation of MAP 2 through continuous passage in complete medium will alter the growth pattern and protein expression 3 profile but how this directly affects the virulence of the bacterium remains to be tested. The broad 4 scope of proteomics analysis coupled with the added power of direct comparison of individual proteins 5 holds the potential for applications similar to that found in nucleic acid chip technology. 6 
